release. A second PLC, PLC␤, is also required for IP3-dependent Ca 2ϩ oscillations, but functions in an independent signaling mechanism. PLC␥ generates IP3 that regulates IP3 receptor activity. We demonstrate here that PLC␥ via hydrolysis of phosphatidylinositol 4,5-bisphosphate (PIP2) also regulates GON-2/GTL-1 function. Knockdown of PLC␥ but not PLC␤ activity by RNA interference (RNAi) inhibits channel activity ϳ80%. Inhibition is fully reversed by agents that deplete PIP 2 levels. PIP2 added to the patch pipette has no effect on channel activity in PLC␥ RNAi cells. However, in control cells, 10 M PIP 2 inhibits whole cell current ϳ80%. Channel inhibition by phospholipids is selective for PIP 2 with an IC50 value of 2.6 M. Elevated PIP2 levels have no effect on channel voltage and Ca 2ϩ sensitivity and likely inhibit by reducing channel open probability, single-channel conductance, and/or trafficking. We conclude that hydrolysis of PIP2 by PLC␥ functions in the activation of both the IP3 receptor and GON-2/GTL-1 channels. GON-2/GTL-1 functions as the major intestinal cell Ca 2ϩ influx pathway. Calcium influx through the channel feedback regulates its activity and likely functions to modulate IP3 receptor function. PIP2-dependent regulation of GON-2/ GTL-1 may provide a mechanism to coordinate plasma membrane Ca 2ϩ influx with PLC␥ and IP3 receptor activity as well as intracellular Ca 2ϩ store depletion.
Caenorhabditis elegans; inositol 1,4,5-trisphosphate; transient receptor potential channels; patch-clamp electrophysiology; phospholipase C; phosphatidylinositol 4,5-bisphosphate THE GENETICALLY TRACTABLE model organism Caenorhabditis elegans provides numerous experimental advantages for developing integrative genetic and molecular understanding of fundamental physiological processes (2, 40) . We have exploited C. elegans as a model for defining the integrative physiology and molecular details of oscillatory Ca 2ϩ signaling in nonexcitable cells. C. elegans intestinal epithelial cells generate rhythmic inositol 1,4,5-trisphosphate (IP 3 )-dependent Ca 2ϩ oscillations that control body wall muscle contractions required for defecation (7, 8, 35, 36, 43) . Intestinal Ca 2ϩ signaling can be readily studied using forward and reverse genetic methods (16, 23, 45) , in vitro (8, 35, 43, 50) and in vivo (35, 43, 51) Ca 2ϩ imaging, and patch-clamp electrophysiology (9, 10, 24, 50, 51) . The ability to combine direct physiological measurements of IP 3 -dependent oscillatory Ca 2ϩ signals and associated ion channel activity with forward and reverse genetic analyses is unique to C. elegans.
Intestinal Ca 2ϩ oscillations are strictly dependent on Ca 2ϩ release from the endoplasmic reticulum (ER) via ITR-1, the single IP 3 receptor encoded by the C. elegans genome (7, 8, 43) . Calcium oscillations also require Ca 2ϩ influx from the extracellular medium and are rapidly and completely inhibited by external Ca 2ϩ removal (8, 50) . C. elegans intestinal cells express two highly selective Ca 2ϩ entry pathways, a canonical Ca 2ϩ release-activated Ca 2ϩ (CRAC) channel (15, 34) that is activated by intracellular Ca 2ϩ store depletion and a storeindependent outwardly rectifying Ca 2ϩ (ORCa) channel (9) . The C. elegans CRAC channel is encoded by orai-1 and regulated by STIM-1 (24, 51) . ORAI-1 and STIM-1 are homologs of mammalian Orai/CRACM and STIM (15) . RNA interference (RNAi) silencing of either orai-1 or stim-1 dramatically reduces CRAC channel and STIM-1 expression and function but surprisingly has no effect on intestinal Ca 2ϩ signaling (24, 51) . These findings suggest that CRAC channels are not essential components of IP 3 -dependent Ca 2ϩ signaling in the intestine and indicate that other Ca 2ϩ entry mechanisms must function to maintain intestinal Ca 2ϩ oscillations. The transient receptor potential (TRP) cation channel superfamily is subdivided into TRPC, TRPV, TRPM, TRPML,  TRPP, TRPN, and TRPA subfamilies. TRP channels function  in diverse physiological processes including sensory transduction, epithelial transport of Ca  2ϩ and Mg  2ϩ , Ca 2ϩ signaling, and modulation of membrane potential (32, 33) . We recently demonstrated that the C. elegans TRPM homologs GON-2 and GTL-1 are both required for generating intestinal Ca 2ϩ oscillations. The two channels also give rise to the ORCa current and may function together as a heteromultimer (50; see also 20, 44) .
GON-2/GTL-1 channels function together with a PLC␥ homolog in a common signaling pathway to regulate IP 3 -dependent intracellular Ca 2ϩ release (50) . PLC␥ generates IP 3 that regulates ITR-1 activity (8) . In the present study, we demonstrate that PLC␥ via hydrolysis of phosphatidylinositol 4,5-bisphosphate (PIP 2 ) also regulates GON-2/GTL-1 function. Elevated PIP 2 levels inhibit GON-2/GTL-1 channel activity in a voltage-and Ca 2ϩ -independent manner. Hydrolysis of PIP 2 by PLC␥ thus functions in the activation of both the IP 3 receptor and GON-2/GTL-1 channels, which serve as the major cellular Ca 2ϩ influx pathway. Calcium influx through the channel feedback regulates its activity (10) and likely functions to modulate IP 3 receptor function and possibly to refill intracellular stores (50) . Our studies provide unique insights into mechanisms of oscillatory Ca 2ϩ signaling and the regulation of TRPM channels.
MATERIALS AND METHODS
C. elegans strains. Nematodes were cultured using standard methods on nematode growth medium (5). Wild-type worms were JR1838 (wIs84), which express an elt-2 transcriptional green fluorescent protein (GFP) reporter (elt-2::GFP) in intestinal cell nuclei. The egl-8(n488) allele was used to assess the role of egl-8, which encodes a PLC␤ homolog, in channel regulation. Worm strains were maintained at 16 -25°C.
C. elegans embryonic cell culture and patch-clamp electrophysiology. Newly hatched wild-type and EGL-8 (hereinafter referred to as PLC␤) deletion mutant L1 larvae were cultured at 25°C until adulthood. Embryo cells from these animals were cultured for 2-3 days at 25°C on 12-mm-diameter acid-washed glass coverslips using established methods (6, 41) .
plc-3 encodes a PLC␥ homolog. PLC-3 (hereinafter referred to as PLC␥) and PLC␤ expression were knocked down by culturing wild-type embryo cells in the presence of plc-3 or egl-8 double-strand RNA (dsRNA) using methods described previously (24, 51) . dsRNA was synthesized from an 868-bp (2,203-3,071 bp) plc-3 cDNA that was amplified from a C. elegans cDNA library. PLC␤ dsRNA was synthesized from a ϳ1 kb DNA template that was amplified from an egl-8 RNAi feeding vector carrying 15,219 -16,355 bp of the egl-8 genomic DNA.
Coverslips with cultured embryo cells were placed in the bottom of a bath chamber (model R-26G; Warner Instrument, Hamden, CT) that was mounted onto the stage of a Nikon TE2000 inverted microscope. Cells were visualized by fluorescence and video-enhanced differential interference contrast microscopy. Intestinal cells were identified in culture by expression of the intestine specific reporter elt-2::GFP or by morphological characteristics (9, 12) .
Patch electrodes were pulled from soft glass capillary tubes (PG10165-4, World Precision Instruments, Sarasota, FL) that had been silanized with dimethyl-dichloro silane. Pipette resistance was 4 -7 M⍀. Bath and pipette solutions contained 145 mM NaCl, 1 mM CaCl 2, 5 mM MgCl2, 10 mM HEPES, 20 mM glucose, pH 7.2 (adjusted with NaOH), and 147 mM sodium gluconate (NaGluconate), 0.6 mM CaCl2, 1 mM MgCl2, 10 mM EGTA, 10 mM HEPES, 2 mM Na2ATP, 0.5 mM Na2GTP, pH 7.2 (adjusted with CsOH), respectively. The osmolality of bath and pipette solutions was adjusted to 345-350 mosmol/kgH2O and 325-330 mosmol/kgH2O using sucrose.
For studies on the effects of intracellular Ca 2ϩ concentration on whole cell current activity, cells were patch clamped with pipette solutions buffered using 1 or 10 mM BAPTA instead of EGTA. Calcium concentration was adjusted using CaCl 2. Free Ca 2ϩ levels were calculated using MaxChelator software (//www.stanford.edu/ ϳcpatton/webmaxc/webmaxcS.htm).
Whole cell currents were recorded using an Axopatch 200B (Axon Instruments, Foster City, CA) patch-clamp amplifier. Command voltage generation, data digitization, and data analysis were carried out on a Pentium computer (Dimension 9150; Dell Computer) using a Digidata 1322A AD/DA interface with pClamp 10 software (Axon Instruments). Electrical connections to the amplifier were made using Ag/AgCl wires and 3 M KCl/agar bridges.
Whole cell currents were elicited using a ramp or step voltage clamp protocol. For the ramp protocol, membrane potential was held at 0 mV and ramped from Ϫ80 mV to ϩ80 mV at 215 mV/s every 5 s.
Step changes in whole cell current were elicited by stepping membrane voltage from Ϫ100 to ϩ100 mV in 20-mV steps from a holding potential of 0 mV. Voltage steps were maintained for 400 ms. Cell capacitances for all cells studied ranged from 1 to 4 pF. Measurement of the effects of various experimental maneuvers on current amplitude was performed 5 min after obtaining whole cell access when current run-up was complete. PI(4,5)P 2 and PI(3,4,5)P3 were dissolved in water and IP3, PI(4)P, PI(3,4)P2, and PI(3,5)P2 were dissolved in DMSO to stock concentrations of 10 mM. Poly-L-lysine was dissolved in water as stock solution of 10 mg/ml. Arachidonic and linolenic acids, OAG, wortmannin, U-73122, and U-73343 were dissolved in DMSO to stock concentrations of 2-100 mM. Stocks were divided into aliquots and frozen at Ϫ80°C. Working solutions were prepared daily by dilution of stock aliquots. Patch pipette solution containing phospholipids and fatty acids were bath sonicated for 15 min before use. Final DMSO concentrations in all solutions were 0.1%. Exposure of cells to 0.1% DMSO alone had no effect on current amplitude (data not shown).
Statistical analysis. Data are presented as means Ϯ SE. Statistical significance was determined using Student's two-tailed t-test for unpaired means. When comparing three or more groups, statistical significance was determined by one-way analysis of variance with a Bonferroni post hoc test. P values of Յ0.05 were taken to indicate statistical significance. 2 . Two PLCs, a PLC␥ and PLC␤ homolog, function in separate signaling pathways to maintain rhythmic Ca 2ϩ oscillations in the C. elegans intestine. PLC␥ functions to generate IP 3 that regulates IP 3 receptor activity. The function of PLC␤ remains to be defined, but it may play a role in G protein signaling events that regulate intestinal Ca 2ϩ oscillations (8) . In recent studies, we demonstrated by epistasis analysis that GON-2/GTL-1 function in the same signaling pathway as PLC␥ to regulate IP 3 receptor activity and ER Ca 2ϩ release (50) . To further characterize this relationship, we examined the effect of loss of PLC␥ and PLC␤ activity on whole cell currents. Figure 1A shows the current-to-voltage relationship for the intestinal cell outwardly rectifying Ca 2ϩ channel current we described in detail previously (9) and that is carried by the GON-2 and GTL-1 TRPM channels (50) . Whole cell current amplitude was not significantly (P Ͼ 0.05) different in intestinal cells cultured from wild-type and PLC␤ loss-of-function mutant worms (Fig. 1B) . In contrast, knockdown of PLC␥ activity by RNAi inhibited whole cell current ϳ80% (P Ͻ 0.01; Fig. 1B) .
RESULTS

Regulation of the gon-2-and gtl-1-encoded ORCa channel by PLC␥ and PIP
The egl-8 (n488) allele is an 1,819-bp deletion mutation in the PLC␤ gene. It has been suggested by Bastiani et al. (3) that this allele may encode a neomorphic protein. To further assess the possible role of PLC␤ in regulating GON-2/GTL-1 then, we knocked down its expression by RNAi. As shown in Fig. 1B , PLC␤ RNAi had no effect on whole cell current amplitude. Data in Fig. 1B thus demonstrate that PLC␥ but not PLC␤ activity modulates GON-2/GTL-1 function.
We also examined the effects of acute inhibition of PLC␥ on channel activity using the pan-PLC inhibitor U-73122. Incubation of intestinal cells for 10 -60 min with 2 M U-73122 in the bath reduced mean Ϯ SE whole cell current to 17 Ϯ 3 pA/pF (n ϭ 4). This current value was not significantly different (P Ͼ 0.05) from that observed with PLC␥ RNAi (Fig.   C275 1B) . In contrast, exposure of intestinal cells to 2 M U-73343, which is an inactive analog of U-73122, did not significantly (P Ͼ 0.05) alter whole cell current (mean Ϯ SE whole cell current ϭ 78 Ϯ 19 pA/pF; n ϭ 4). These results demonstrate that both acute and chronic inhibition of PLC␥ activity inhibits GON-2/GTL-1.
PLC␤ and PLC␥ hydrolyze PIP 2 to IP 3 and diacylglycerol (DAG). DAG in turn can be metabolized into arachidonic and other polyunsaturated fatty acids (PUFAs). PIP 2 , DAG, and PUFAs are known to modulate the activity of numerous TRP channels (4, 31, 37) . Loss of PLC activity by pharmacological inhibition (21) or antisense methods (29) has been shown to increase PIP 2 levels and is expected to decrease IP 3 , DAG (e.g., see 29) and PUFA concentrations. Inhibition of GON-2/ GTL-1 activity in PLC␥ RNAi cells suggests 1) that IP 3 , DAG, and/or PUFAs may function normally to activate the channels or 2) that PIP 2 is inhibitory.
We carried out a series of studies to test these possibilities. PLC␥ RNAi cells were patched clamped with pipette solutions containing 100 M OAG, a DAG analog, 10 M arachidonic acid, 10 M linolenic acid, or 10 M IP 3 . As shown in Fig. 2A , these signaling molecules failed to activate (P Ͼ 0.05) GON-2/GTL-1 channels inhibited by PLC␥ RNAi. In contrast, inclusion of 10 M PIP 2 in the patch pipette solution inhibited whole cell current in control cells to the same extent as knockdown of PLC␥ (Figs. 1B and 2B ). However, PIP 2 had no significant (P Ͼ 0.05) additional inhibitory effect in PLC␥ RNAi cells (Fig. 2B) .
To further examine the role of PIP 2 in regulating channel activity, we treated PLC␥ RNAi cells with 20 M wortmannin or 20 g/ml poly-L-lysine in the patch pipette solution. Wortmannin depletes cellular PIP 2 levels by inhibiting phosphoinositide 4-kinase and PIP 2 synthesis (28). Poly-L-lysine is a polyvalent cation that binds to PIP 2 and has been widely used to deplete cellular PIP 2 levels (e.g., 18). In control cells, wortmannin and poly-L-lysine had no significant (P Ͼ 0.05) effect on whole cell current. Mean Ϯ SE control cell current densities at ϩ80 mV observed in the presence of wortmannin and poly-L-lysine were 112 Ϯ 12 pA/pF (n ϭ 3) and 88 Ϯ 6 pA/pF (n ϭ 4), respectively. As shown in Fig. 2B , both wortmannin and poly-L-lysine reversed the inhibitory effect of PLC␥ RNAi on whole cell current amplitude. Whole cell current amplitude in PLC␥ RNAi cells treated with these agents was not significantly (P Ͼ 0.05) different than that observed in control cells. Taken together, the results shown in Figs. 1 and 2 indicate 1) that GON-2/GTL-1 channels are inhibited by loss of PLC␥ activity and by PIP 2 added to the patch pipette solution and 2) that the PLC␥ RNAi-induced inhibition of the channels is mediated by elevation of cellular PIP 2 levels.
Sensitivity and specificity of GON-2/GTL-1 to PIP 2 . To assess the sensitivity of GON-2/GTL-1 channels to PIP 2 , we defined the dose-response relationship for PIP 2 inhibition. As shown in Fig. 3A , maximal inhibition is observed at ϳ10 M PIP 2 . The IC 50 value for inhibition was 2.6 M with a Hill coefficient of 0.6. PIP 2 is largely confined to the plasma membrane and represents ϳ1% of the total anionic phospholipid pool. If dissolved in the cytoplasm, PIP 2 concentration has been estimated to be 4 -10 M (14, 42). Data in Fig. 3A thus suggest that PIP 2 likely plays a physiologically relevant role in regulating GON-2/GTL-1 channel activity.
To assess the specificity of PIP 2 inhibition, we quantified the effects of singly phosphorylated PI(4)P or triply phosphorylated PI(3,4,5)P 3 . Cellular PI(4)P levels are comparable to those of PIP 2 while PIP 3 is much less abundant (48) . We also examined the effects of the PIP 2 isomers PI(3,4)P 2 and PI(3,5)P 2 . As shown in Fig. 3B , all four phospholipids had small (ϳ30 -50%) inhibitory effects on whole cell current amplitude. However, none of these effects achieved statistical significance (P Ͼ 0.05).
Functional properties of PIP 2 -inhibited GON-2/GTL-1 currents. PIP 2 alters the functional properties of several different channel types (e.g., 30, 49, 53) . To determine whether PIP 2 modulates GON-2/GTL-1 functional characteristics, we quantified current properties in control cells and cells treated with 10 M PIP 2 . Upon obtaining whole cell access, GON-2/GTL-1 current shows rapid run-up and then stabilizes within 1-2 min (Fig.  4A ). Cells exposed to 10 M PIP 2 showed a similar pattern of run-up (Fig. 4A) . Mean Ϯ SE rates of current activation were 36 Ϯ 6 pA · pF Ϫ1 · min Ϫ1 (n ϭ 10) in control cells and 35 Ϯ 3 pA · pF Ϫ1 · min Ϫ1 (n ϭ 4) in cells dialyzed with 10 M PIP 2 . These rates were not significantly (P Ͼ 0.9) different.
GON-2/GTL-1 currents are voltage and time dependent (9) . Strong depolarization and hyperpolarization activated and inactivated, respectively, currents in both control and PIP 2 -treated cells (Fig. 4B) . Current activation and inactivation were both well fit by double exponentials describing fast ( f ) and slow ( s ) time constants. Mean Ϯ SE f and s at ϩ100 mV were 34 Ϯ 2 ms and 218 Ϯ 34 ms (n ϭ 15) for control cells and 30 Ϯ 3 ms and 168 Ϯ 84 ms (n ϭ 4) for cells patch clamped in the presence of 10 M PIP 2 . At Ϫ100 mV, f and s in control cells were 11 Ϯ 4 ms and 191 Ϯ 25 ms (n ϭ 15) and 8 Ϯ 3 ms and 177 Ϯ 46 ms (n ϭ 6) in PIP 2 -treated cells. Neither activation nor inactivation time constants were significantly (P Ͼ 0.4) altered by PIP 2 .
To further assess the effects of PIP 2 on channel gating, we quantified the voltage dependence of steady-state and tail currents. Whole cell currents were normalized to either the maximum steady-state (I max, steady-state ) or maximum tail current (I max, tail ). Normalized current-to-voltage relationships determined in the presence and absence of 10 M PIP 2 were superimposable (Fig. 4C) . These data and the results discussed above demonstrate that PIP 2 does not alter the voltage-dependent gating of GON-2/GTL-1.
The major physiologically relevant ions that permeate GON-2/GTL-1 channels are Ca 2ϩ and Na ϩ (9, 50) . Mean Ϯ SE current reversal potentials (E rev ) were 25 Ϯ 1 mV (n ϭ 15) and 25 Ϯ 3 mV (n ϭ 9) in control and PIP 2 cells, respectively. These values were not significantly (P Ͼ 0.9) different, suggesting that channel selectivity was unaffected by PIP 2 . To test this directly, we measured relative Ca 2ϩ permeability by replacing bath Na ϩ with 130 mM NMDG ϩ and 10 mM Ca 2ϩ . Elevation of bath Ca 2ϩ increased E rev by 29 Ϯ 1 mV (n ϭ 6) in PIP 2 cells. The calculated relative Ca 2ϩ -to-Na ϩ permeability was 72 Ϯ 9:1 (n ϭ 6) and was not significantly (P Ͼ 0.4) different from that we have reported previously (9, 50) . (22) . The GON-2/GTL-1 current is also regulated by intracellular Ca 2ϩ (10) , suggesting that Ca 2ϩ and PIP 2 may function synergistically.
To begin testing this idea, we characterized the effect of PLC␥ knockdown on oscillating channel activity. As we have influx through the channel and Ca 2ϩ accumulation in a space very close to the intracellular pore opening. Low concentrations of Ca 2ϩ activate the channel, whereas higher concentrations are inhibitory. These dual effects of Ca 2ϩ are manifested as oscillations in whole cell current amplitude when intestinal cells are patch clamped with pipette solutions containing low concentrations of Ca 2ϩ buffers (Fig. 5A) . We reasoned that if PIP 2 The overall characteristics of the current oscillations were qualitatively similar. However, peak current amplitude was reduced ϳ85% (P Ͻ 0.0001) in cells treated with PLC␥ dsRNA. The mean Ϯ SE peak current was 691 Ϯ 49 pA/pF (n ϭ 16 oscillations) and 98 Ϯ 15 pA/pF (n ϭ 15 oscillations) in control and PLC␥ RNAi cells, respectively. Reductions in peak oscillatory and steady-state current amplitudes (see Fig.  1B ) induced by PLC␥ knockdown were similar. The lack of an obvious effect of PLC␥ RNAi on oscillatory channel behavior indicates that the Ca 2ϩ feedback mechanisms regulating channel activity remain unchanged even in presence of maximal PIP 2 -induced inhibition and PLC␥ knockdown.
To test further for possible regulatory interactions between Ca 2ϩ and PIP 2 , we quantified the effect of intracellular Ca 2ϩ on the rate of current run-up observed after attaining whole cell access. As described previously (10), the initial rate of current activation increases with increasing intracellular Ca 2ϩ concentration in wild-type intestinal cells (Fig. 5C) . Inclusion of 2.5 M PIP 2 , which is the approximate IC 50 value determined from data shown in Fig. 3B , in the patch pipette solution had no effect on the rate of Ca 2ϩ -dependent current activation (Fig. 5C ). The maximal current that is activated after obtaining whole cell access is also modulated by cellular Ca 2ϩ levels (10). Figure 5D shows the relationship between Ca 2ϩ concentration and peak current amplitude. Inclusion of 2.5 M PIP 2 in the patch pipette solution inhibited peak current amplitude similarly at all Ca 2ϩ concentrations. At high intracellular Ca 2ϩ concentrations (Ͼ250 nM), whole cell current activation is transient (10) . We quantified the initial rates of current inactivation and the final steady-state current levels in cells patch clamped with 500 nM intracellular Ca 2ϩ in the presence or absence of 2.5 M PIP 2 . Mean Ϯ SE relative 5-12) . B: whole cell GON-2/GTL-1 currents recorded from a control intestinal cell and a cell dialyzed with 10 M PIP2. Currents were elicited by stepping membrane voltage from Ϫ100 to ϩ100 mV in 20-mV steps from a holding potential of 0 mV. Voltage steps were held for 400 ms. Inset: inactivation behavior observed at hyperpolarized voltages. C: voltage dependence of whole cell steady-state and tail currents measured in the presence and absence of 10 M PIP2. Currents were elicited by stepping membrane voltage in 20-mV steps from a holding potential of 0 mV to a test potential between Ϫ100 and ϩ100 mV. Voltage steps were held for 400 ms. After the test potential, membrane voltage was stepped to Ϫ100 mV for 100 ms to inactivate currents. Cells were then stepped to 0 mV and allowed to recover for 20 ms before initiating the next test pulse. Steady-state current was defined as the mean current measured during the last 50 ms of the 400-ms test pulse. Tail current was the peak current measured during the 100-ms step to Ϫ100 mV. Imax, steady-state, maximum steadystate tail current; Imax, tail, maximum tail current. Values are means Ϯ SE (n ϭ 5-6).
rates of inactivation and steady-state current amplitudes relative to peak current were Ϫ2.2 Ϯ 0.4%/min (n ϭ 6) and 0.27 Ϯ 0.1 (n ϭ 7) in the absence of PIP 2 , and Ϫ1.6 Ϯ 0.4%/min (n ϭ 4) and 0.21 Ϯ 0.1 (n ϭ 5) with PIP 2 . Neither the rate nor extent of current inactivation was significantly (P Ͼ 0.3) altered by inclusion of PIP 2 in the patch pipette solution. Taken together, our results indicate that Ca 2ϩ and PIP 2 act independently to regulate GON-2/GTL-1 channel activity.
DISCUSSION
The TRPM channels GON-2 and GTL-1 are the major pathway for Ca 2ϩ entry into C. elegans intestinal cells (50) and may also play a role in Mg 2ϩ transport (44) . GON-2/GTL-1 function in a common signaling pathway with PLC␥ to maintain the rhythmicity of C. elegans intestinal Ca 2ϩ oscillations (50) . Loss of either GON-2/GTL-1 or PLC␥ activity causes arrhythmic Ca 2ϩ oscillations and associated contractions of posterior body wall muscles that mediate defecation (8, 50) .
The current studies demonstrate that PIP 2 levels regulated by PLC␥ modulate GON-2/GTL-1 channel function. Elevated PIP 2 levels inhibit channel activity (Figs. 2B) . The mechanism by which PIP 2 inhibits GON-2/GTL-1 is unclear. GON-2/ GTL-1 exhibits voltage dependence and is regulated by intracellular Ca 2ϩ levels (Figs. 4 and 5) (10). However, unlike other TRPM channels (e.g., 22, 30, 53) , PIP 2 has no effect on the voltage sensitivity or Ca 2ϩ responsiveness of GON-2/GTL-1 (RESULTS and Figs. 4 and 5) . PIP 2 most likely modulates channel open probability, single-channel conductance, and/or channel trafficking. Both GON-2 and GTL-1 have multiple positively charged domains on their cytoplasmic NH 2 and COOH termini that could function as PIP 2 -binding sites (reviewed in 42). Single-channel studies and molecular and biochemical analyses will be needed to define the mode of action of PIP 2 .
In addition to its catalytic activity, PLC␥ can also play noncatalytic regulatory roles. For example, PLC␥ binding to TRPC3 (47) and the Na ϩ /H ϩ exchanger NHE3 (52) regulates their membrane expression. Our data indicate that the regulatory role of PLC␥ on GON-2/GTL-1 is mediated through its catalytic activity. Normal channel activity is restored in PLC␥ RNAi cells by wortmannin or poly-L-lysine, agents that function to lower PIP 2 levels (Fig. 2B) .
Numerous ion channels including members of the TRP superfamily (reviewed by 31) have been shown to be regulated (26) . PIP 2 both activates and inhibits TRPV1 and the mode of action is dependent on the degree of stimulation by channel agonists such as capsaicin (25) .
In most cases, the physiological relevance of PIP 2 regulation of ion channel activity is uncertain or inferred from knowledge of channel function. Similarly, the physiological role of PIP 2 regulation of GON-2/GTL-1 is unclear at present. However, our current understanding of Ca 2ϩ signaling in the C. elegans intestine allows us to propose a working model (Fig. 6) (Fig.  6) . Such a mechanism is analogous to that proposed for the PIP 2 -dependent regulation of TRPM8 (39) and TRPV6 channels (46) . However, for these channels, PIP 2 is required for normal activity. Calcium influx through the channels is postulated to activate PLC, thereby depleting PIP 2 , which leads to channel inactivation (39, 46) . It is generally accepted that changes in intracellular Ca 2ϩ levels regulate the activity of the ␦-isoforms of PLCs. However, all PLC isoforms require Ca 2ϩ for normal catalytic function (38) and at least one report has shown that PLC␥1 is also activated, albeit less than PLC␦1, by increasing Ca 2ϩ levels (1) . Extensive additional studies are needed to determine whether C. elegans PLC␥ is regulated by Ca 2ϩ changes and whether such regulation contributes to oscillatory Ca 2ϩ signaling in the intestine.
We have shown previously that canonical store-operated Ca 2ϩ channels do not appear to be required for generating intestinal Ca 2ϩ oscillations (24, 51) . GON-2/GTL-1 channels may thus play a role in refilling intracellular Ca 2ϩ stores. PIP 2 regulation of the channel would provide a means of coupling store Ca 2ϩ levels to plasma membrane Ca 2ϩ influx. Under conditions of low PLC␥ activity and IP 3 levels, store Ca 2ϩ release would presumably be low and hence there would be no need for high rates of plasma membrane Ca 2ϩ influx. Intracellular Ca 2ϩ release triggered by increased PLC␥ activity and IP 3 levels would occur concomitantly with falling PIP 2 levels and increased Ca 2ϩ influx through GON-2/GTL-1. In conclusion, PLC␥ and GON-2/GTL-1 function in a common signaling pathway to maintain the rhythmicity of IP 3 -dependent Ca 2ϩ oscillations (50) . The current studies demonstrate that GON-2/GTL-1 is regulated by PLC␥ in a PIP 2 -dependent manner. Hydrolysis of PIP 2 functions to both activate plasma membrane Ca 2ϩ entry and intracellular Ca 2ϩ release. PIP 2 -dependent regulation of GON-2/GTL-1 may provide a mechanism to coordinate plasma membrane Ca 2ϩ influx with PLC␥ and IP 3 receptor activity and intracellular Ca 2ϩ store depletion.
